Evidence for Electroweak Production of $W^{\pm}W^{\pm}jj$ in $pp$
  Collisions at $\sqrt{s}=8$ TeV with the ATLAS Detector by ATLAS Collaboration
EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN)
CERN-PH-EP-2014-079
Submitted to: Phys. Rev. Lett.
Evidence for Electroweak Production ofW±W±jj in pp
Collisions at
√
s = 8 TeV with the ATLAS Detector
The ATLAS Collaboration
Abstract
This Letter presents the first study of W±W±jj, same-electric-charge diboson production in as-
sociation with two jets, using 20.3 fb−1 of proton–proton collision data at
√
s = 8 TeV recorded by
the ATLAS detector at the Large Hadron Collider. Events with two reconstructed same-charge lep-
tons (e±e±, e±µ±, and µ±µ±) and two or more jets are analyzed. Production cross sections are
measured in two fiducial regions, with different sensitivities to the electroweak and strong production
mechanisms. First evidence for W±W±jj production and electroweak-only W±W±jj production is
observed with a significance of 4.5 and 3.6 standard deviations respectively. The measured production
cross sections are in agreement with Standard Model predictions. Limits at 95% confidence level are
set on anomalous quartic gauge couplings.
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This Letter presents the first study of W±W±jj, same-electric-charge diboson production in as-
sociation with two jets, using 20.3 fb−1 of proton–proton collision data at
√
s = 8 TeV recorded
by the ATLAS detector at the Large Hadron Collider. Events with two reconstructed same-charge
leptons (e±e±, e±µ±, and µ±µ±) and two or more jets are analyzed. Production cross sections are
measured in two fiducial regions, with different sensitivities to the electroweak and strong production
mechanisms. First evidence for W±W±jj production and electroweak-only W±W±jj production
is observed with a significance of 4.5 and 3.6 standard deviations respectively. The measured pro-
duction cross sections are in agreement with Standard Model predictions. Limits at 95% confidence
level are set on anomalous quartic gauge couplings.
PACS numbers: 14.70.Fm, 12.60.Cn, 13.85.Fb, 13.38.Be
The scattering of two massive vector bosons (VBS),
V V → V V with V = W or Z, is a key process to probe
the nature of electroweak symmetry breaking [1, 2]. In
the absence of a Standard Model (SM) Higgs boson, the
longitudinally polarized VBS amplitude increases as a
function of the center-of-mass energy
√
s and violates
unitarity at energies around 1 TeV [3–5]. The recent dis-
covery of a 125 GeV SM-like Higgs boson at the Large
Hadron Collider (LHC) [6, 7] provides a plausible ex-
plaination for the mechanism that unitarizes this process.
However, many physics scenarios predict enhancements
in VBS either from additional resonances or if the ob-
served SM-like Higgs boson only partially unitarizes this
amplitude [8, 9]. There is no previous evidence for a
process involving a V V V V vertex.
At hadron colliders VBS can be idealized as an inter-
action of gauge bosons radiated from initial state quarks
yielding a final state with two bosons and two jets (V V jj)
in a purely electroweak process [10]. VBS diagrams are
not separately gauge invariant and must be studied in
conjunction with additional Feynman graphs leading to
the same V V jj final state [11]. Two classes of physi-
cal processes give rise to V V jj final states. The first
process, which includes VBS contributions, involves ex-
clusively weak interactions at Born level (of order α4EW
without considering the boson decay, where αEW is the
electroweak force coupling constant) and is referred to
as electroweak production. The second process involves
both the strong and electroweak interactions at Born
level (of order α2sα
2
EW , where αs is the strong force
coupling constant) and is referred to as strong produc-
tion. In the case of same-electric-charge WW production
(W±W±jj), the strong production cross section does
not dominate the electroweak cross section, making this
channel an ideal choice for initial studies on VBS.
This Letter presents the first evidence for electroweak
W±W±jj production, where both W bosons decay lep-
tonically (W± → `±ν, ` = e, µ), using pp collision data
at
√
s = 8 TeV collected by the ATLAS detector at the
LHC. This process has a distinct experimental signature
of two same-electric-charge leptons and two jets.
Two fiducial regions are defined. The first region or
“inclusive region” is defined to study the combination of
electroweak and strong production mechanisms, and in
this region both processes are referred to as signal. It is
defined at particle level as follows. Exactly two prompt
charged leptons (τ leptons and leptons originating from
τ decays are excluded) are required with the same elec-
tric charge, transverse momentum pT > 25 GeV, |η| <
2.5 [12], invariant mass m`` > 20 GeV, and angular sep-
aration ∆R`` ≡
√
(∆φ)2 + (∆η)2 > 0.3. At least two
jets reconstructed with the anti-kt algorithm [13] with jet
size R = 0.4 and with pT > 30 GeV, |η| < 4.5, and sepa-
rated from the leptons by ∆R`j > 0.3 are also required.
The invariant mass of the two jets with the largest pT
(mjj) must be larger than 500 GeV, and the magnitude
of the missing transverse momentum (EmissT ) calculated
using all neutrinos in the final state must be greater
than 40 GeV. To reduce the dependence on QED radia-
tion, lepton momenta include contributions from photons
within ∆R = 0.1 of the lepton direction. The second re-
gion or “VBS region” is a subset of the inclusive region
that also requires the two jets with largest pT to be sep-
arated in rapidity [14] by |∆yjj | > 2.4. This enhances
the purity of electroweak W±W±jj by removing most of
the strong W±W±jj events, which are considered as a
background in this region.
The expected production cross sections for the
pp→W±W±jj process in the two fiducial regions
(“fiducial cross sections”) are calculated using Powheg-
box [15, 16], with CT10 parton distribution functions
(PDFs) [17], interfaced with Pythia8 [18, 19] for par-
ton showering, hadronization, and underlying event mod-
eling. The contribution from non-resonant production
of the same leptonic final state is also considered, but
is strongly suppressed [16]. The cross section for the
electroweak W±W±jj process is predicted to be 1.00 ±
0.06 fb in the inclusive region and 0.88 ± 0.05 fb in the
2VBS region. The cross section for the strong W±W±jj
process is 0.35 ± 0.05 fb in the inclusive region and
0.098 ± 0.018 fb for the VBS region. The uncertainty
on these predictions include 68% confidence level PDF
uncertainties [20], parton shower and hadronization mod-
eling uncertainties estimated by comparing Pythia8 and
Herwig++/Jimmy [21, 22], the independent variation
of renormalization and factorization scales by a fac-
tor of two, the difference between the predictions from
Powhegbox and VBFNLO [23], and the integration er-
ror. The parton shower and generator uncertainties are
dominant for electroweak production, while scale varia-
tions are dominant for strong production. Interference
between electroweak and strong production is studied at
leading-order accuracy using Sherpa [24] and is found to
increase the combined strong and electroweak W±W±jj
cross section by (12 ± 6)% in the inclusive region and
(7 ± 4)% in the VBS region. The total SM signal cross-
section prediction in the inclusive region is 1.52±0.11 fb,
while the sum of electroweak and interference contribu-
tions in the VBS region is 0.95± 0.06 fb.
The ATLAS detector described in Ref. [25] is a multi-
purpose particle physics detector. It consists of an inner
tracking detector (ID) surrounded by a calorimeter and
a muon spectrometer (MS). Events for this analysis are
selected with single-lepton (e or µ) triggers. After ap-
plying data quality requirements, the remaining data set
has a total integrated luminosity of 20.3± 0.6 fb−1 [26].
Electron candidates are reconstructed from a combina-
tion of a cluster of energy deposits in the electromagnetic
calorimeter and a track in the ID. They are required to
have pT > 25 GeV and |η| < 2.47, excluding the transi-
tion region between the barrel and endcap calorimeters
(1.37 < |η| < 1.52). Candidate electrons must satisfy
the tight quality definition described in Ref. [27] and re-
optimized for 2012 data taking. Muon candidates are re-
constructed by combining tracks in the ID and MS [28].
The combined track is required to have pT > 25 GeV
and |η| < 2.4. Leptons are required to originate from the
same interaction vertex and, to reduce non-prompt pro-
duction, calorimeter and tracker isolation requirements
are applied within a cone of size ∆R = 0.3.
Jets are reconstructed from clusters of energy in the
calorimeter using the anti-kt algorithm with jet-size pa-
rameter R = 0.4 and calibrated using techniques from
Ref. [29]. Only jets with pT > 30 GeV and |η| < 4.5
are considered. Jets containing b-hadrons (“b-jet”) with
|η| < 2.5 are identified by combining information on the
impact parameter significances of their tracks and ex-
plicit secondary vertex reconstruction [30]. The mea-
surement of EmissT [31] is based on the energy collected
by the electromagnetic and hadronic calorimeters, and
muon tracks reconstructed by the ID and MS.
Candidate W±W±jj events are required to have ex-
actly two leptons (electrons or muons) with the same
electric charge and at least two jets satisfying the above
selection criteria. Three different final states (“chan-
nels”) are considered based on the lepton flavor, namely
e±e±, e±µ±, and µ±µ±. To reduce the contributions
from WZ/γ∗+jets and ZZ+jets production, events are
removed if they contain additional leptons reconstructed
with looser isolation requirements, pT > 7 GeV (6 GeV)
for electrons (muons) and loose quality definition for elec-
trons [27]. The two leptons must have m`` > 20 GeV.
The dielectron invariant mass must not be within 10 GeV
of the Z boson mass to reduce Z+jets background from
electron charge misidentification. Events are also re-
quired to have EmissT > 40 GeV, and in order to reject
backgrounds from non-prompt leptons, mainly tt¯ →
`νjjbb¯, events must not contain a b-jet. To further reduce
tt¯ and WZ/γ∗+jets backgrounds, events in the inclusive
region are required to have mjj > 500 GeV. In addition,
in the VBS region |∆yjj | > 2.4 is required.
Monte Carlo (MC) simulation is used to estimate the
expected signal events. The W±W±jj processes are gen-
erated with Sherpa, using up to three jets in the matrix-
element and parton shower model [24], and normalized
using the expected cross section in each fiducial region
(see above). Generated events are processed with the full
detector simulation [32] based on GEANT4 [33], and the
standard ATLAS reconstruction software.
Several SM processes enter the W±W±jj signal re-
gions as irreducible physics processes or through instru-
mental effects. About 90% of the expected “prompt lep-
ton background” originates fromWZ/γ∗→ `±`∓`±ν pro-
duction that passes signal region selections when one lep-
ton is outside of the experimental acceptance or does not
satisfy the lepton identification criteria. Up to 20% of the
expected WZ/γ∗ contribution comes from electroweak
production. Smaller contributions from ZZ+jets and
tt¯ + W/Z are also considered. These “prompt lepton
backgrounds” are estimated using MC simulation. In the
VBS region strong W±W±jj is estimated using simula-
tion and normalized to the SM prediction for the fiducial
cross section described above. Correction factors for lep-
ton and jet efficiencies, additional pp interactions (pile-
up), and beam-spot location are applied to the simula-
tion to account for differences with data. Furthermore,
the simulation is tuned to reproduce the calorimeter re-
sponse and the muon momentum scale and resolution
observed in data. Systematic uncertainties on the signal
yield and backgrounds estimated from MC simulation are
derived from uncertainties on the correction factors, en-
ergy smearing parameters, the EmissT modeling, and the
b-tagging efficiency/mistag rate [30].
Sherpa is used to produce WZ/γ∗+jets events, tak-
ing into account both the strong and electroweak produc-
tion mechanisms. This sample is normalized to the next-
to-leading-order calculation in QCD from VBFNLO in
each fiducial region [34, 35], with an accuracy of 14% in
the inclusive region and 11% in the VBS region. The
Sherpa extrapolation from the inclusive region to the
3VBS region differs from the VBFNLO calculation by
3%. The main sources of uncertainties on the VBFNLO
normalization are from the PDF, from factorization and
renormalization scale dependence, and from the parton
shower model. The small tZj component in this sample
is estimated using the Sherpa prediction.
The production of ZZ+jets is modeled with Sherpa,
while for tt¯+W/Z processes Madgraph [36]+Pythia8
is used. The theoretical uncertainties on the production
cross sections of these processes are ±19% and ±30%
respectively, dominated by the jet multiplicity modeling
and the scale uncertainties.
Contributions from Wγ production, including elec-
troweak production of Wγjj, where the photon converts
to an electron–positron pair inside the detector is in-
cluded in “conversion background”. It is estimated us-
ing Alpgen[37]+Herwig/Jimmy and Sherpa (for elec-
troweak Wγjj) MC samples with a total theory uncer-
tainty of ±17%.
The remaining conversion background originates from
processes that produce oppositely charged prompt lep-
tons where one lepton’s charge is misidentified, primarily
because one electron has undergone hard bremsstrahlung
and subsequent photon conversion. This background is
estimated from data. The dominant origins of this back-
ground are tt → `ν`νbb and Drell–Yan production. The
electron charge misidentification rate is measured using
Z/γ∗ → ee events. The muon charge misidentification
rate is found to be negligible. The background is es-
timated by applying the electron charge misidentifica-
tion rate to data selected using all signal selection crite-
ria except for the electric charges of the leptons, which
are instead required to be opposite sign. The dominant
systematic uncertainties arise from possible method bias
(studied in simulation) and the statistical uncertainty in
the charge misidentification rate. The total uncertainty
is between 15% and 32% depending on signal region and
channel.
Contributions from SM processes that produce at
least one non-prompt lepton from hadron decays in jets
(W+jets, tt¯, single top or multijet production, denoted
by “other non-prompt background”) are estimated from
data events that contain one lepton passing all selec-
tions and one non-isolated or loose-quality lepton. These
events, which are dominated by the non-prompt back-
ground, are scaled by a “fake rate” to predict the non-
prompt background. The fake rate is the efficiency for
non-prompt leptons to pass the nominal lepton selections
with respect to the looser isolation and quality require-
ments. The fake rate for non-prompt leptons is measured
in a dijet sample. The uncertainty on the non-prompt
background estimate is between 39% and 52% depend-
ing on region and channel, dominated by prompt-lepton
contamination in the dijet sample and the uncertainty on
the extrapolation of fake rates into the signal region.
Contributions from double parton scattering [38] arise
TABLE I: Expected numbers of events (exp.) and measured
data counts are shown by channel for each control region de-
scribed in the text. The uncertainty shown is the systematic
uncertainty on the expected yield.
Control Region Trilepton ≤ 1 jet b-tagged Low mjj
e±e± exp. 36 ± 6 278 ± 28 40 ± 6 76 ± 9
data 40 288 46 78
e±µ± exp. 110 ± 18 288 ± 42 75 ± 13 127 ± 16
data 104 328 82 120
µ±µ± exp. 60 ± 10 88 ± 14 25 ± 7 40 ± 6
data 48 101 36 30
mainly in WZ/γ∗ and dijet production. However, simu-
lation shows they are negligible after the requirement of
mjj > 500 GeV.
Background predictions are tested in several same-
electric-charge dilepton control regions summarized in
Table I. The MC modeling of prompt backgrounds is
tested in a trilepton control region defined by inverting
the third-lepton veto and removing the |∆yjj | andmjj se-
lections. Conversion and prompt backgrounds are tested
in a region with at most one jet (“≤ 1 jet” in Table I). In
this sample the e±e± channel is dominated by Z → ee
events, the µ±µ± channel is dominated by prompt pro-
cesses, and the e±µ± channel has a mixture of prompt,
non-prompt, and conversion backgrounds. Backgrounds
from non-prompt leptons originating from tt → `νjjbb
are tested in a control region that requires at least one
of the jets to be identified as a b-jet. Finally, the com-
bined background model is tested by inverting the mjj
selection.
The observed number of events is compared in Table II
to the expected background and signal yield with system-
atic uncertainties for the three channels in both the in-
clusive and VBS signal regions. In the VBS region strong
W±W±jj is considered as background using the SM pre-
diction and its experimental and theoretical uncertain-
ties. The systematic uncertainty on the background pre-
diction is about 20%, dominated by the jet reconstruc-
tion uncertainties (11–15%) and theory uncertainties (4–
11%). An excess of events over the background expec-
tation is observed in both signal regions and in all three
channels; the combined significance over the background-
only hypothesis is 4.5 standard deviations in the inclusive
region and 3.6 standard deviations in the VBS region.
The expected significance for a SM W±W±jj signal is
3.4 standard deviations in the inclusive region and 2.8 in
the VBS region.
Figure 1 shows the expected and observed mjj dis-
tribution after all inclusive region selection criteria are
applied, except mjj > 500 GeV. Figure 2 shows the
|∆yjj | distribution after the inclusive region selections.
All three dilepton channels are summed in both figures.
The observed excess is consistent with the expected event
topology for W±W±jj production.
We interpret the excess over background as W±W±jj
4Inclusive Region VBS Region
e±e± e±µ± µ±µ± e±e± e±µ± µ±µ±
Prompt 3.0 ± 0.7 6.1 ± 1.3 2.6 ± 0.6 2.2 ± 0.5 4.2 ± 1.0 1.9 ± 0.5
Conversions 3.2 ± 0.7 2.4 ± 0.8 – 2.1 ± 0.5 1.9 ± 0.7 –
Other non-prompt 0.61 ± 0.30 1.9 ± 0.8 0.41 ± 0.22 0.50 ± 0.26 1.5 ± 0.6 0.34 ± 0.19
W±W±jj Strong 0.89 ± 0.15 2.5 ± 0.4 1.42 ± 0.23 0.25 ± 0.06 0.71 ± 0.14 0.38 ± 0.08
W±W±jj Electroweak 3.07 ± 0.30 9.0 ± 0.8 4.9 ± 0.5 2.55 ± 0.25 7.3 ± 0.6 4.0 ± 0.4
Total background 6.8 ± 1.2 10.3 ± 2.0 3.0 ± 0.6 5.0 ± 0.9 8.3 ± 1.6 2.6 ± 0.5
Total predicted 10.7 ± 1.4 21.7 ± 2.6 9.3 ± 1.0 7.6 ± 1.0 15.6 ± 2.0 6.6 ± 0.8
Data 12 26 12 6 18 10
TABLE II: Estimated background yields, observed number of data events, and predicted signal yields for the three channels
are shown with their systematic uncertainty. Contributions due to interference are included in the W±W±jj electroweak
prediction.
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FIG. 1: The mjj distribution for events passing the inclu-
sive region selections except for the mjj selection indicated
by the dashed line. The black hatched band in the upper plot
represents the systematic uncertainty on the total prediction.
On the lower plot the shaded band represents the fractional
uncertainty of the total background while the solid line and
hatched band represents the ratio of the total prediction to
background only and its uncertainty. The W±W±jj predic-
tion is normalized to the SM expectation.
production, and the fiducial cross sections in the two re-
gions (σfid) are measured by combining the three decay
channels in a likelihood function. Systematic uncertain-
ties are taken into account with nuisance parameters.
The signal efficiency in each fiducial region is defined
as the number of expected signal events after selections
divided by the number of events passing the respective
fiducial region selections at particle level. The efficiency
accounts for the detector reconstruction, migration into
and out of the fiducial volume, identification, and trigger
efficiency; it is 56%, 72%, 77% for the inclusive region and
57%, 73%, 83% for the VBS region in the e±e±, e±µ±,
|jjy∆|
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FIG. 2: The |∆yjj | distribution for events passing all inclu-
sive region selections. The |∆yjj | selection is indicated by a
dashed line. The W±W±jj prediction is normalized to the
SM expectation.
µ±µ± channels respectively. The efficiency also accounts
for the contribution of leptonic τ decays, which are not
included in the fiducial cross-section definition: 10% of
signal candidates are expected to originate from leptonic
τ decays. The uncertainty on the signal efficiency is dom-
inated by the jet reconstruction uncertainty of 6%.
The measured fiducial cross section for strong and elec-
troweak W±W±jj production in the inclusive region is
σfid = 2.1± 0.5(stat)± 0.3(syst) fb. The measured fidu-
cial cross section for electroweak W±W±jj production,
including interference with strong production in the VBS
region, is σfid = 1.3± 0.4(stat)± 0.2(syst) fb. The mea-
sured cross sections are in agreement with the respective
SM expectations of 1.52± 0.11 fb and 0.95± 0.06 fb.
Additional contributions to W±W±jj production can
be expressed in a model-independent way using higher-
dimensional operators leading to anomalous quartic
gauge boson couplings (aQGCs). The measured cross
section in the VBS fiducial region is used to set lim-
its on aQGCs affecting vertices with four interacting
W bosons. The Whizard event-generator [39] is used
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FIG. 3: Limits on (α4,α5). Points outside of the solid light
ellipse are excluded by the data at 95% confidence level (CL).
Points outside the inner dark ellipse are excluded at the 68%
confidence level. The expected exclusion is given by the solid
line.
to generate W±W±jj events with aQGCs using a K-
matrix unitarization method [40]. Following existing no-
tations [40, 41], deviations from the SM (which includes
a SM Higgs with mH=126 GeV) are parameterized in
terms of two parameters (α4, α5). The reconstruction
efficiency is derived using simulated Whizard samples
combined with Pythia8. The difference with respect to
Sherpa for the SM case is taken as additional system-
atic uncertainty. The reconstruction efficiency increases
with increasing α4,5 values, but the effect is small com-
pared to the increase in the fiducial cross sections in the
same parameter space. The expected and observed 95%
confidence intervals derived from the profile likelihood
function are shown in Fig. 3. The one-dimensional pro-
jection at α5,4 = 0 is respectively −0.14 < α4 < 0.16
and −0.23 < α5 < 0.24 compared to an expected
−0.10 < α4 < 0.12 and −0.18 < α5 < 0.20.
In conclusion, a significant excess of events over back-
ground predictions is found using 20.3 fb−1 of pp collision
data at
√
s = 8 TeV recorded by the ATLAS detector at
the LHC. This excess is consistent with SM W±W±jj
production. Two fiducial cross sections are measured in
regions with different sensitivities to the electroweak and
strong W±W±jj processes. The measured cross sections
are in good agreement with SM predictions. In addition,
the first limits on the α4,5 aQGC parameters are set.
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